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A solid-state flexible supercapacitor (SC) based on organic-inorganic composite structure was fabricated 
through an "in situ growth for conductive wrapping" and an electrode material of polypyrrole (PPy)-Mn0 2 
nanoflakes-carbon fiber (CF) hybrid structure was obtained. The conductive organic material of PPy greatly 
improved the electrochemical performance of the device. With a high specific capacitance of 69.3 F cm -3 at a 
discharge current density of 0.1 A cm" 3 and an energy density of6.16X 10" 3 Wh cm" 3 at a power density of 
0.04 W cm" 3 , the device can drive a commercial liquid crystal display (LCD) after being charged. The 
organic-inorganic composite active materials have enormous potential in energy management and the "in 
situ growth for conductive wrapping" method might be generalized to open up new strategies for designing 
next-generation energy storage devices. 



Owing to the rapid development of portable personal electronics, flexible electronics has attracted intense 
interests. Much effort has been dedicated in varied fields and great progress has been made to fabricate 
flexible devices, such as artificial electronic skin, roll-up displays and distributed sensors 1 " 4 . In order to 
realize fully flexible devices, all of these electronics require flexible, lightweight and high efficient energy storage 
units. Conventional energy storage devices, such as batteries, have limitations such as inflexible, relative low 
power and long charging time 5 . Supercapacitors (SCs), also known as electrochemical capacitors, in which 
electrical energy is mainly stored by fast and reversible redox reactions or phase changes on the surface or 
subsurface of electrodes 6 " 9 , exhibit a promising set of features such as high power density, fast rates of charge- 
discharge, good cycle stability and safe operation 1011 . In comparison with the SCs using liquid electrolyte, all solid- 
state SCs have certain advantages such as good flexibility, high safety and lightweight, which are in demand of 
flexible and portable devices 12 " 14 . 

Due to their high specific capacitance than carbon materials, transition metal oxides have been extensively 
studied in the past decades 15 " 21 . Mn0 2 , compared to the other transition metal oxides, is the most thoroughly 
investigated for pseudocapacitors on the basis of its high theoretical specific capacitance of 1370 F g" 1 22 , relatively 
low cost and environmentally benign nature 23 " 25 . Being limited by its poor electrical conductivity, the theoretical 
specific capacitance of Mn0 2 has rarely been achieved in experiment 22 . Considerable research efforts have been 
dedicated to improve the electrical conductivity of the active electrode materials and many materials have been 
fabricated on Mn0 2 , such as metal nanostructure 26 , carbon nanotubes 27 " 30 , graphene 24,31 , or conductive organic 
matter 32 " 34 . The capacitance and conductivity of the hybrid structure based on Mn0 2 can be improved more by 
conductive polymers according to the investigations 35 " 37 , such as PPy, polyaniline and polythiophene, which have 
high electrical conductivity and high specific capacitance, and are easy to be polymerized and hold particular 
promise for potential large-scale energy storage systems. Even so, their improvement is not significant on the 
capacitance of Mn0 2 and the reason is not clear. On the other hand, to meet the need of the flexibility of SCs, the 
flexibility of the current collector of SCs should be taken into account. CF is such a kind of materials with high 
flexibility as a current collector, and other advantages, such as high knittability, good conductivity. Therefore, CFs 
were applied in previous researches of SCs 38 . 
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Herein, we developed an "in situ growth for conductive wrapping" 
method to rationally design an all solid-state SC based on PPy-Mn0 2 
nanoflakes-CF composites, which exhibited high flexible, high elec- 
trochemical performances. CF acted as the current collector, and 
Mn0 2 nanoflakes were deposited through a electrodeposition pro- 
cess 37 . A thin layer of PPy wrapped around Mn0 2 nanoflakes uni- 
formly by "in situ growth" method which was different from the 
"dip-coating" process, not only provided an additional electron 
transport path besides CFs underneath Mn0 2 nanoflakes but also 
actively participates in the charge storage process of electric double 
layer capacitance or pseudo-capacitance 34 . In addition, PPy can pre- 
vent Mn0 2 nanoflakes from corrosion in acidic electrolyte, which 
ensure the full release of the electrochemical performances of Mn0 2 
nanoflakes in the whole device. Electrochemical and mechanical 
measurements indicated that the as-fabricated device showed a high 
specific capacitance of 69.3 F cm" 3 at a discharge current density of 
0.1 A cm" 3 with a total capacitance of —0.35 mF (Eq. 1 in SI), which 
were much higher than those values reported in literatures 37 ' 39 ' 40 , and 
a high energy density of 6. 16 X 10" 3 Wh cm" 3 at a power density of 
0.04 W cm" 3 . Furthermore, when it was rolled up, the electrochem- 
ical performance of the SC only had a slight fluctuation of about 
0.24%. 

Results 

Fabrication of PPy-Mn0 2 -CF electrodes and the solid-state SC. 

The process of fabricating the solid-state SC consisted of four steps, 
as illustrated in Figure 1. A bunch of commercially available CFs 
(diameters 6.5-8.5 urn) was cut to shorter length (about 3 cm), 
then the fibers were cleaned by acetone, alcohol and deionized 
water with ultrasonic several cycles (Figure la). After drying 
completely in a vacuum oven, a CF was fixed on a teflon substrate 
and connected to an electrode. The next step was to electrodeposit 
Mn0 2 on the CF (Figure lb). Mn0 2 nanoflakes have large specific 
surface area, which can enhance the electrochemical performances of 
the device significantly. In order to seek for the dependence of SC 
performance on Mn0 2 deposition time, the deposition time of Mn0 2 
on CFs was different, ranging from 1 to 45 min. For the sake of 
enhancing the conductivity of Mn0 2 nanoflakes, a layer of PPy 



was wrapped on the Mn0 2 -CFs (Figure lc). Similar to the 
preparation of the Mn0 2 -CF, a constant voltage of 0.8 V was used 
during the deposition process of PPy and the deposition time was 
from 0.5 to 3 min. The last step was to incorporate a SC, as illustrated 
in figure Id. A piece of common preservative film was laid out as the 
substrate. Two PPy-Mn0 2 -CFs were fixed on the film and assembled 
into a SC by sandwiching a PVA/H 3 P0 4 membrane as the separator 
and the electrolyte between the two electrodes. When the device was 
charged completely, it could power a commercial LCD (Figure Id). 

Characterization of as-prepared PPy-Mn0 2 -carbon composites. 

Scanning electron microscopy (SEM) images of the electrodes 
showed that Mn0 2 nanoflakes were uniformly deposited on the 
CFs (Figure 2a, b). Mn0 2 nanoflakes have large specific surface 
area that can enhance electrochemical performances of the as 
fabricated SCs. With the increasing of the electrodeposition time, 
Mn0 2 nanoflakes became larger and thicker (Supporting Figure 
SI). However, only the surface layer of Mn0 2 could take the 
oxidation -reduction reaction 9 , too much loading of Mn0 2 might 
decrease the specific surface area and lower the conductivity of the 
electrodes. We found that the surface of CFs could be fully covered by 
Mn0 2 nanoflakes after 15 min of electrodeposition (Figure lb). As 
to solid-state SCs, the PVA/H 3 P0 4 gel electrolyte was commonly 
used in fabricating process. We found that the flake-like Mn0 2 
nanomaterials was corroded easily by H 3 P0 4 due to its larger 
specific surface area (Figure 3b). The nanostructure of Mn0 2 was 
highly porous as revealed by transmission electron microscopy 
(TEM) images (Figure 2d, Supporting Figure S2), which was good 
for exchanging and transport of charges. The deposited Mn0 2 are 
polycrystalline as demonstrated by a high resolution transmission 
electron microscopy (HRTEM) image together with selected area 
electron diffraction (SAED) pattern (Figure 2e and inset). It was 
further confirmed that the polycrystalline Mn0 2 nanoflakes belong 
to s-Mn0 2 phase by X-ray diffraction (XRD) (Figure 2f). In order to 
improve the electrical conductivity of Mn0 2 -based electrodes and 
prevent corrosion for optimized electrochemical performance, PPy 
was electro-polymerized and wrapped on the Mn0 2 nanoflakes 
(Figure 2c). The optimized deposition time of PPy was about 
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Figure 1 | Fabrication process of PPy-Mn0 2 -CF SCs. (a,b) A CF was cleaned and cut to shorter length; then Mn0 2 nanoflakes were coated onto 
the CF by electrodepositon method; (c) PPy was electrodeposited onto the Mn0 2 -CF; (d) Two PPy-Mn0 2 -CFs were assembled on a piece of preservative 
film to form a PPy-Mn0 2 -CF SC. 
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Figure 2 | Characterization of PPy-Mn0 2 -CF electrodes, (a) A SEM image of a CF; (b) Mn0 2 nanoflakes uniformly deposited on the CF; 
(c) A SEM image of PPy wrapping on the Mn0 2 -CF, scale bars of the insets in (b) and (c): 1 (am; (d) A TEM image of Mn0 2 nanoflakes; (e) High 
resolution TEM image and the inset SAED pattern of Mn0 2 nanoflakes showing the polycrystalline nature of Mn0 2 ; (f) XRD of Mn0 2 structure showing 
the s-Mn0 2 phase. 



2 min. When PPy was wrapped on Mn0 2 nanoflakes, the porous and 
the space among the nanoflakes were fully or partly filled. So, PPy 
and s-Mn0 2 formed an organic-inorganic composite material and 
coated the CF. Therefore we expected a high performance SC. 

Electrochemical characterizations of all solid-state SCs based on 
PPy-Mn0 2 nanoflakes-CF hybrid structure. To evaluate the 
electrochemical performance of the PPy-Mn0 2 nanoflakes -CFs 
hybrid structure, two-electrode configuration was used in the 
electrochemical measurements. As illustrated in Figure 3a, two 
cyclic voltammetry (CV) curves almost overlapped with each 
other. However, they came from different devices: one was from 
CFs SC, the other was from Mn0 2 - CFs SC. Figure 3b was a SEM 
image of a Mn0 2 nanoflakes-CF, region I was immersed into H 3 P0 4 
solution of 9.1 wt. % for 12 h. The concentration of the H 3 P0 4 was 
the same of the gel electrolyte of PVA/H 3 P0 4 . Region II was above 
the liquid surface. It was clear to see that Mn0 2 nanoflakes on the CF 
had been eroded completely after immersing in H 3 P0 4 solution for 
12 h. This was the reason of the two CV curves overlapped in 
Figure 3a which indicated that Mn0 2 nanoflakes was eroded and 
had no effects in improving the electrochemical performances of the 
device. Figure 3c was CV curves obtained from CFs SC, PPy-CFs SC 
and PPy-Mn0 2 -CFs SC at the same scan rate of 100 mV s~\ 
respectively. The area of the CV curve of PPy-CFs SC was about 33 
times larger than that of the CFs SC. It revealed that PPy had good 
electrochemical performances, which was consistent with the 
previous work 37 . When PPy coated on Mn0 2 nanoflakes after an 
in situ growth process and was fabricated into a SC, the area of CV 
was much larger not only than that of the CFs SC, but also than that 
of the PPy-CFs SC (Figure 3c). Figure 3d is a SEM image of a PPy- 
Mn0 2 nanoflakes-CF after being immersed into H 3 P0 4 solution of 
the same concentration for 24 h. It demonstrated that PPy-Mn0 2 
nanoflakes had not been eroded by H 3 P0 4 , which is supported by the 
comparison between Figure 2c (as-prepared PPy-Mn0 2 -CF) and 
Figure 3d (PPy-Mn0 2 -CFs into H 3 P0 4 solution), and resulted the 
perfect CV measurements showed in Figure 3c. Thus, we suggest that 
there are three reasons for the large enhancement of the 



electrochemical performances: First, PPy has also a good capaci- 
tance characteristics, and both PPy and Mn0 2 play an important 
role in the electrochemical performances of the device. Second, 
PPy is an anti- corrosion material in the acidic PVA/H 3 P0 4 elec- 
trolyte and protects Mn0 2 nanoflakes against corrosion. Third, 
though Mn0 2 has poor electronic and ionic conductivities, PPy 
can improve the conductivity of the electrode material largely after 
the "conductive wrapping" process. 

In order to study the relationship between the electrodeposition 
time and the performances of the devices, there were two steps in the 
optimization process. At first, we adopted a constant time for PPy 
electrodeposition of 1 min, and the Mn0 2 deposition time was from 

1 to 45 min. CV curves corresponding to the different Mn0 2 depos- 
ition time were measured as illustrated in Figure 4a, b. All the CV 
curves were at a scan rate of 10 mV s" 1 but had obvious differences. 
Figure 4c showed the relationship of the specific capacitances and the 
Mn0 2 deposition times. The optimal deposition time for Mn0 2 was 
about 15 min. The second step was to gain the best deposition time of 
PPy after 15 min Mn0 2 optimal deposition. We adopted a constant 
time for Mn0 2 deposition of 15 min while the deposition time of PPy 
ranged from 0.5 to 3 min. CV curves were measured as shown in 
Figure 4d and e. The optimal electrodeposition time of PPy was about 

2 min as illustrated in Figure 4f. Thus, we had obtained the optimal 
deposition time of 15 min and 2 min for Mn0 2 and PPy, respect- 
ively. So we could fabricate all solid-state high performances SCs 
based on the optimization process. 

In order to investigate the performances of the SC fabricated with 
the optimal electrodeposition process of the electrode materials, CV 
measurements were performed using two -electrode configurations. 
Figure 5a and b showed the CVs of the as-fabricated device at scan 
rates from 1 to 200 mV s" 1 within a potential window of 0.8 V. The 
CV curves had large enclosed area and good symmetrical rectangular 
shape, showing that the capacitive behaviour of the device could be 
greatly improved by optimizing the electrodeposition time of Mn0 2 
and PPy. Galvanostatic charge-discharge (GCD) and electrochem- 
ical impedance spectroscopy (EIS) measurements were carried to 
further evaluate the electrochemical performances of the device. 
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Figure 3 | Comparison of the different electrode materials, (a) CV curves of Mn0 2 -CFs SC and CFs SC. (b) A SEM image of a Mn0 2 -CF: region 
I was immersed into H 3 P0 4 solution of 9.1 wt. % for 12 h; region II was above the liquid surface, (c) CV curves of PPy-Mn0 2 -CFs, PPy-CFs SC and CFs 
SC. For comparison, the current of CFs SC and PPy-CFs SC were magnified 500 and 50 times to their measuring value, respectively, (d) A SEM image of a 
PPy-Mn0 2 -CF after it was immersed into H 3 P0 4 solution of 9.1 wt. % for 24 h. It remains the feature of the as-prepared PPy-Mn0 2 -CF (see figure 2c). 
The scan rate of all the CV curves was 100 mV s" 1 . 



The GCD curves at different current densities ranging from 
0.1 to 1 A cm" 3 were shown in Figure 5c, through which good linear 
potential-time profiles were achieved, demonstrating a good capa- 
citance performance of the devices. The average diameter of the 



PPy-Mn0 2 -carbon fibers was about 9.5 |im. The fiber was consid- 
ered as a cylinder when we estimated its volume. The highest volume 
capacitance is 69.3 F cm" 3 at a current density of 0.1 A cm" 3 which 
was much higher than those reported in literature 37 ' 39 ' 40 , and remain 
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Figure 4 | Electrochemical behaviours of PPy-Mn0 2 -CFs SCs with different growth conditions of their electrode materials, (a and b) CV curves 
of the SCs with Mn0 2 electrodeposition time from 1 to 45 min; (c) specific capacitances vs Mn0 2 electrodeposition time; (d and e) CV curves of the SCs 
with PPy electrodeposition time from 0.5 to 3 min; (f) specific capacitances vs PPy electrodeposition time. The scan rate of all the CV curves was 
10 mV s" 1 . 
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Figure 5 | Electrochemical performances of the PPy-Mn0 2 -CFs SC with 15 min Mn0 2 deposition and 2 min PPy deposition, (a and b) CV 

curves of the device at scan rates from 1 to 200 mV s" 1 ; (c) GCD curves of the device under different current densities; (d) energy and power density plot; 
(e) Nyquist plot; (f) Cycle life, the inset is the GCD curve from the 990 th to 1000 th cycle. 



at 54.6 F cm" 3 at 1 A cm" 3 , revealing the good rate capability of the 
device. Figure 5d is the Rogone plot, showing the energy density with 
respect to the average power density of the as-fabricated all-solid- 
state SC. The power density of the device achieved 0.4 W cm" 3 while 
the energy density was still at 4.86 mW h cm" 3 . Since EIS and long- 
term cycling stability are two important parameters for practical 
applications of the SC. Figure 5e and inset showed the Nyquist plot 
in the frequency range from 0.001 Hz to 100 KHz. The straight line 
is nearly parallel to the imaginary axis, revealing an ideal capacitive 
behaviour of the device. The knee frequency f 0 of the SC is about 
63 Hz and its relaxation time constant t 0 is about 16 ms (t 0 = l/f 0 ). 
The long-term cycle stability was measured by GCD at a current 
density of 1 A cm" 3 for 1000 cycles and the result is shown in 
Figure 5f. The capacitance of the SC decreased gradually during 
the whole process besides several slight fluctuations in some cycles. 
The capacitance retention was about 86.7% after cycling for 1000 
times. It is a very good cycling performance among the reported 
works for PPy-based SCs 41-44 . 

For the consideration of application in practice, portable and flex- 
ible electronics may require highly flexible power sources working at 
different operation voltages and powers. An all-solid-state SC was 
assembled by two PPy-Mn0 2 nanoflakes-CF hybrid electrodes on a 
piece of common preservative film. The as-fabricated SC is light- 
weight and highly flexible, which can be twisted and rolled up with- 
out destroying the structural integrity of the device, as can be seen in 
Figure 6a and b. The CV curves in Figure 6c almost overlap com- 
pletely. The CV areas at the same scan rate of 10 mV s" 1 are 2.086 
and 2.091 when the device was unfolded and rolled up, respectively. 
There is only a slight fluctuation of about 0.24% in the electrochem- 
ical performances of the SC. In addition, the rectangular profile of 
CV curves indicated the ideal pseudocapacitive nature of PPy-Mn0 2 
nanoflakes and fast redox reaction with solid electrolyte of H 3 P0 4 / 
PVA. When it is need to provide different voltages or currents, SCs 
would be connected in series or in parallel. Figure 6d shows a schem- 
atic of three SCs connected in series. The test results are showed in 
Figure 6f. The calculated capacitances of device 1 and 2 are 0.24 and 
0.22 mF, respectively. When they have been connected in series, the 
capacitance of the whole device is calculated to be 0.1 1 mF, when in 



parallel, it is 0.48 mF. The results reveal that the capacitance of the 
whole device roughly obeys the basic rule of series and parallel con- 
nections of capacitors when the SC has been connected with others. 
So we can take various connections of SCs to meet the demand in 
practice. An example for the application of the connected SCs is 
showed in Figure 6e and the inset in Figure 6f, where three SCs are 
connected in series, and can drive a commercial LCD as an energy 
source when it has been full charged. 

Discussion 

The above obtained excellent electrochemical performances of the 
as-fabricated solid-state SCs are not simply a result of the mixture of 
the two active materials (PPy & Mn0 2 ). It is suggested that these 
performance advancements may originate from the efficient integ- 
ration of each advantages from both PPy and Mn0 2 in the whole 
device. The rational design with the worthwhile merits achieved by 
coating conductive PPy on high-capacitance Mn0 2 nanoflakes pro- 
vides several unique features: (i) Mn0 2 nanoflakes have lager specific 
area, which is conducive to the electrochemical performance of the 
device, both PPy and Mn0 2 play important roles in the electrochem- 
ical performances of the device; (ii) PPy is an anti-corrosion material 
in the acidic PVA/H 3 P0 4 electrolyte and protected Mn0 2 nanoflakes 
against corrosion, which ensure full play of high specific capacitance 
of Mn0 2 ; (hi) though Mn0 2 has poor electronic and ionic conduct- 
ivities, but the conductivities of PPy are good. The uniform conduct- 
ive coating of PPy membrane provided another transmission path 
for charges and ions, and potentially offer better interconnectivity 
within Mn0 2 nanoflakes which improve the conductivity of the 
electrode material largely. Since it has simple, rapid and uniform 
coated features, our "in situ growth of conductive wrapping" method 
is an efficient way to design and fabricate high performance SCs 
based on organic-inorganic composite nanostructures. 

In summary, we have successfully fabricated a solid-state SC based 
on a PPy-Mn0 2 nanoflakes-CF hybrid structure by an "in situ 
growth for conductive wrapping" method. The device exhibited high 
electrochemical performances, such as a high volume capacitance of 
69.3 F cm" 3 at a discharge current density of 0.1 A cm" 3 , a high 
energy density of 6.16 X 10" 3 Wh cm" 3 at a power density of 
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Figure 6 | Optical images of twisted (a) and bended SCs (b). (c) CV curves of normal and rolled SCs. (d) The schematic of the three SCs 

connected in series, (e) Optical image of the three SCs in series drove a LCD. (f) GCD curves of single SC and two SCs connected in series or in parallel. 

The inset was a partial enlarged view of Figure 6e. 



0. 04 W cm" 3 , and good cycling stability. Our experiment confirmed 
that the PPy protect Mn0 2 nanoflakes against the corrision of acid 
electrolyte, which enhances the electrochemical performances sig- 
nificantly. In addition, the as-fabricated solid-state SC showed high 
mechanical flexibility, and the capacitance of the device had only a 
slight fluctuation of 0.24% when it was rolled up. The good perfor- 
mances of the device indicated that organic-inorganic composite 
materials might have certain advantages than one component as 
the active electrode materials in SCs, and the "in situ growth of 
conductive wrapping" method would have enormous potential 
applications in the design of high-performance SCs. The successful 
attempt to drive a commercial LCD shows that our device has the 
opportunity to be applied in energy storage and flexible/portable 
electronics. 

Methods 

Fabrication of electrodes and SCs. CFs with a diameter about 8 um were used as the 
charge collector. Mn0 2 nanoflakes were grown on the CF via a electrochemical 
deposition process using a solution of 20 mM Mn(N0 3 ) 2 and 100 mM NaN0 3 45 . 
Three- electrode configuration was used in the deposition process with Ag/AgCl as 
reference electrode, platinum foil as counter electrode, and the CF as working 
electrode. A constant voltage of 0.92 V was required during the process. Then the 
Mn0 2 -CF was washed in deionized water and dried at room temperature. PPy was 
deposited using a similar method and formed a conductive wrapping on the Mn0 2 - 
CF, using a solution of 0.2 M NaC10 4 and 5% (V : V) pyrrole monomer. 

The gel electrolyte was prepared by adding 6 g of H 3 P0 4 and 6 g of polyvinyl 
alcohol (PVA) powder into 60 ml of deionized water. The mixture was heated to 85°C 
with stirring until the solution became clear. Two PPy-Mn0 2 -CFs were located on a 
piece of preservative film closely and in parallel. The separation space was about 
1 mm. Then the whole device was immersed into the PVA/H 3 P0 4 electrolyte for 5 
minutes. After that, the device was put into fume hood at room temperature to 
vaporize the excess water. When the gel electrolyte solidified, the two electrodes were 
packaged and the SC was prepared. 

Characterization. The morphologies, structure, and chemical composition of the 
samples were characterized by high-resolution field emission scanning electron 
microscopy (FEI Nova Nano-SEM 450), Probe Cs-corrected transmission electron 
microscopy (FEI Titan G 2 60-300), and XRD (PANalyticalB.V.X'PertPRO). All the 
electrochemical measurements were carried out in a two-electrode system at room 
temperature using Autolab PGSTAT302N (Metrohm AG). The electrochemical 
impedance spectroscopy was measured ranging from 1 mHz to 100 KHz with a 
potential amplitude of 10 mV. The mechanical flexibility test was carried out by 
manual control, where the whole device was rolled up by hand. 
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